We study the formation of clusters in model protein solutions and colloidal suspensions, using for this purpose an accurate treatment in the framework provided by integral equation theories of the liquid state. It is well recognized that the existence of a cluster phase in such systems depends on the interplay between short-range attraction and long-range electrostatic repulsion in the effective interaction among the macromolecular species. Such competing interactions are accounted for in this study by a description of molecules in terms of impenetrable spherical particles, interacting through a short-range attractive potential followed by a smoother repulsive tail. We show that the entropy sensitively signals the appearance of the smallest isotropic cluster (the elementary nanocluster), providing an accurate indicator of the threshold temperature whereupon the nature of the system changes from a dense gas to a cluster phase. This marked entropic imprint is surprisingly similar to that observed in self-assembling systems undergoing gravitational collapse in cosmology. We emphasize the broad comprehensiveness of our approach as a predictive tool in soft matter science, biophysics and astrophysics.
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Recent small-angle neutron scattering measurements and theoretical studies of small volume fraction colloidal systems have identified a local peak in the structure factor S(q) at a wave vector q much smaller than that of the main diffraction peak [1, 2, 3] . Such a peculiar feature differs significantly from what is usually observed in "simple" liquids, since the appearance of a local peak has been attributed to structural modifications inherent to the formation of well ordered nanoclusters in the fluid phase. In such conditions, molecules in the system are partitioned in a gas of monomers and stable nanoclusters of a generic aggregation number. Investigations in this area have attracted increasing attention because they may shed light on aggregation phenomena that can precede gelation states, as commonly observed in soft matter such as colloidal suspensions and globular protein solutions [4, 5, 6, 7] . More generally, the control of aggregation processes constitutes a crucial step in many realms of science and technology, e.g. in colloid and polymer science, in the study of human diseases caused by the formation of fibrillar aggregates or protein crystals, in the protein structure determination, in nuclear and plasma physics etc. In the outlined scenario, probing into the general mechanisms underlying the cluster formation, and investigating analogies among similar behaviors in different fields, are still a challenging task. This is particularly true in the field of protein crystallization [8, 9] , where the definition of systematic protocols for the optimal control of cluster growth is partly hampered by an incomplete understanding of the interactions among proteins in the mother solution. The development of generic microscopic models, which capture the effective interactions in globular protein solutions, is made difficult by the complexity and highly specialized properties of such systems (i.e. large anisotropies * Corresponding author, email: bomont@univ-metz.fr in the shape and surface charge distributions, sensitive dependence on the physico-chemical conditions of the environment, etc). In a basic "colloidal" approach, the proteins may be described as perfect spheres bearing a uniform surface charge, and the effective interaction in solution is approximated by a steep (often hard-core) repulsion followed by a short-range attractive tail of various shapes [10, 11, 12, 13, 14, 15] . This model provides a good description of the generic phase diagram of both colloidal suspensions and proteins [12, 13] , and an accurate picture of arrested states, including gelation [14] and glass transition [15] , although it cannot fully account for the rich behavior of such systems (see e.g. [16, 17] and references therein). Indeed, theoretical studies as well as small-angle scattering and confocal microscopy experiments in lysozyme solutions and colloid-polymer mixtures have revealed that a weaker long-range repulsion must be added to the short-range attraction, in order to originate aggregates in both systems [1, 6, 18] . The long-range repulsion is attributed to screened electrostatic interactions, or to the presence of cosolutes in solution, whereas short-range forces stem from several factors, such as van der Waals interactions, hydrophobic effects, depletion mechanisms [5, 14, 19, 20] .
To summarize, experimental evidence and theoretical studies on colloids and protein solutions, show which minimal requirements a microscopic interaction should possess for a nanocluster phase to exist: the latter seems to be an appropriate balance between attraction (that favors the cluster growth at low temperature) and longrange repulsion (that favors the aggregate formation, preventing a complete phase separation). Therefore, particles interacting by means of a two-Yukawa (2Y) potential in the form:
should provide a reasonably flexible and generic model to characterize the nanocluster formation in the complex fluids at issue from a microscopic viewpoint. More generally, 2Y systems exhibit a rich variety of inhomogeneous fluid phases and intriguing phase behaviors; as such they have been lively studied until recently both theoretically and in terms of computer simulation [6, 21, 22, 23] . 2Y particles are characterized by the hard-core diameter σ, the strength and range of the attractive interaction, K 1 and 1/Z 1 , respectively, and the repulsive strength and range, K 2 and 1/Z 2 , respectively. For K 2 = 0, a purely attractive Yukawa interaction is recovered, while assuming K 2 = K 1 = 0 leads to the familiar hard-sphere model. The potential in Eq. (1) gives rise to a short-range attraction followed by a long-range repulsion through the constraint
In this report we provide a theoretical characterization of the transition threshold between the homogeneous dense gas and the cluster phase in fluids constituted by 2Y particles. We focus on the entropy of the fluid across the transition temperature, where the microscopic conditions for the formation of the elementary nanocluster (ENC) are first met. Our analysis is carried out in the framework provided by the integral equation theories of the liquid state (IET). Specifically, in order to determine the structural properties of the fluid we have solved the Ornstein-Zernike equation coupled with a self-consistent closure relation [24] . The thermodynamic properties may then be calculated from the knowledge of both the consistent correlation functions and the "one particle" bridge function [25, 26] . Entropy is a well recognized indicator of structural modifications occurring in fluid systems [24, 25, 27, 28, 29, 30] . Moreover, given the absence of a purely analytical theory, the interpretation of experimental results often resorted on the use of integral equation theories [1, 11, 18, 22, 31] . Notwithstanding such evidence, as well as the wealth of simulation and theoretical studies available on the 2Y fluid, this is the first time, as far as we know, that the cluster formation is investigated from our viewpoint. As we shall see ahead, although usual closure relations of IET yield quite similar and accurate predictions for the structural properties, this is definitely not the case for thermodynamics.
The formation of the ENC is analyzed as a function of K 1 for several values of the ratio K 2 /K 1 of the repulsion over the attraction strength. This choice offers the advantage that the interaction potential u(r) can serve as a universal function u(r) = εΦ(r/σ), where ε = (K 1 − K 2 )k B T (with k B the Boltzmann constant and T the temperature), being K 1 and K 2 dimensionless. In addition, Eq. (1) can be written in a reduced form so that βu(r) = Φ(r/σ)/T * (where
all in all equivalent to lower the effective temperature T * . We set Z 1 = 10, in order to have a ∼ 10% ratio of the attraction range over the hard-core diameter, as in typical protein solutions, Z 2 = 0.5, corresponding to a weak ionic strength of order I = 2.1 mM, and the number density ρ in such a way that the packing fraction φ ≡ πρσ 3 /6 is equal to 15%.
The local structure of the fluid is described in real space by the Fourier transform of S(q), i.e. the pair correlation function g(r), whose peaks indicate the average position of successive shells of neighbors around a central particle. The position of second and third shell is reported in Fig. 1A as a Fig. 1A ), whereas the position of the third shell r 3 (K 1 ) further decreases. It can be noted from Fig. 1A that when K 1 is greater than K P 1 , r 2 (K 1 ) slightly decreases: the increase of attraction and packing effects, due to the closer proximity of third neighbors, still induce small local reorganizations around the first neighbors. Our theoretical predictions are fully supported by standard NVT Monte Carlo simulations: the precise agreement between simulation and theory for S(q) can be appraised from Fig. 1B . The isothermal compressibility, given by χ T = S(q = 0)/ρk B T , stays positive and finite in all cases under study, indicating that all the thermodynamic states lie in a dense vapor region of the phase diagram.
We identify the temperature T *
, as the threshold for the formation of the elementary nanocluster. In fact, in the absence of any cluster, the "pre-existing form" of the ENC is the entity constituted by a central particle surrounded by its first and second neighbors; the aggregation process taking place at K C 1 may be regarded as the creation of bonds between particles of successive shells. Two particles are considered as bonded as soon as their average separation is less than a little fraction of σ and stays almost unchanged with increasing K 1 , or decreasing T * [6] . Therefore K C 1 represents the least attraction (corresponding to a low enough temperature), which is sufficient for the creation of a bond between first and second neighbors; then, as shown above, the density of the ENC remains constant within the range [K to note in Figure 1B the progressive enhancement of the secondary peak at low-q vectors (that is initially manifested as an inflection point without a local maximum), because it is usually argued that nanoclusters appear as soon as the structure factor develops a well defined low-q peak. However, this assumption does not appear to be an accurate criterion, since the formation of the ENC is well underway before the pre-peak itself is clearly displayed. As an example, in the case K 2 /K 1 = 0.25, a well defined low-q peak only begins to appear only at K 1 ≃ 2.3, whereas the ENC is already formed at K 1 ≃ 1.66. Moreover, we may recall that some imprecision (error bars) in the low-q region may prevent the observation of an inflection point in measured structure factors.
The accuracy of structural results occasions an investigation of the formation of the ENC in terms of thermodynamic properties (and specifically entropy) of the system. We start from some intuitive considerations. The system at issue is composed by a fixed number of particles enclosed within a constant volume. In the absence of any nanocluster (K 1 < K C 1 ), the "pre-existing form" of the ENC occupies a given physical volume. At the threshold K 1 = K C 1 , second neighbors bond with the first ones; as a consequence, the volume filled by the previous entity is minimum and the space available for other particles becomes larger. At this peculiar stage, the insertion of any additional particle in the sample becomes a much easier task, in comparison to previous conditions, and the corresponding energy cost should suddenly decrease. The energy required to insert another particle defines exactly the excess chemical potential of the fluid, βµ ex . Our theoretical predictions for the latter, displayed in Fig. 2A , present the intuitively expected behavior: for each K 2 /K 1 value, the excess chemical potential first increases with attraction, until a jump occurs precisely at the ENC formation threshold, K C 1 . Beyond this value, βµ ex restarts to increase until a linear regime is eventually reached. In Fig. 2A results from the Kiselyov and Martynov "one particle" bridge function [27] are also shown. The excess chemical potential, denoted βµ KM ex , increases continuously and monotonically and appears completely insensitive to the formation of the elementary nanocluster. We point out that, although usual closures of the Ornstein-Zernike equation may provide refined structural predictions [22] , the observed nonresponsive behavior of βµ We may now turn to the notion of order in the fluid at issue, and examine the consequences of the above calculated insertion energies on the total entropy. We know that the more the attraction increases (or the temperature decreases), the more the system becomes ordered. Yet, is it correct to assume that the entropy decreases monotonically at the same time? As visible from Fig. 2B , the answer is actually negative for fluids exhibiting a micro-phase separation, such as the 2Y particles at issue: as far as K 1 is less than K C 1 , bonds are not established, and the total entropy S (T) normally decreases, indicating that the system gradually gets ordered; in close proximity of K C 1 , the localization of particles around the central one progressively increases, enhancing the entropy loss. At the threshold K C 1 , the nature of the fluid changes and the observed jump in βµ ex has a faithful counterpart in the behavior of S (T) : the loss of available configurational space, due to localization, is more than counterbalanced from the gain of accessible (physical) volume and therefore the entropy strongly and discontinuously increases. We note in We may also analyze the discontinuous behavior of S (T) in the framework of the multiparticle correlations expansion of the entropy derived by Nettleton and Green [32] . In particular, the pair entropy S (2) , given by a spatial integral of (functions of) the radial distribution function, has been often used as a straightforward approximation for the whole entropy (see e.g. [33] and references therein). In our case S (2) decreases monotonically over K 1 (see Fig. 2B ): this quantity, "trivially" reading the progressive local structuring of the fluid, cannot account for the observed jump in S (T) , that must be reflected in the higher-order terms of the expansion. Indeed, the behavior of the "residual multiparticle entropy" ∆S, i.e. the difference between the total entropy and the pair entropy (that includes, by definition, the cumulative contribution of all correlations involving more than two particles), precisely characterizes the structural modifications occurring in a fluid of hard spheres as the density increases [29] ; more generally, the zero of this function has been found to signal the transition threshold between less ordered phases and more structured phases in many disparate fluids [29, 34, 35, 36] . In our case, the plateau [K Fig. 1A , is characterized by positive ∆S values; S (T) crosses S (2) from the top, leading to ∆S = 0, systematically at K P 1 , i.e. at the temperature where the ENC density restarts to increase after the initial seed has been formed.
Since the discontinuity discussed above affects the thermodynamic potential (the entropy itself in the microcanonical ensemble, or the free energy in the canonical ensemble [37] ), rather than its first derivative, the transition may be called of zero order, instead of first order. This behavior, at first sight unexpected in colloidal suspensions or protein solutions, is indeed very similar to-and supported by-one of the well known phase transitions observed in self-assembling systems in astrophysics, namely the gravitational collapse. During such a zero order phase transition, the onset of aggregation, as the temperature drops below a critical value, corresponds to the starting point of the collapse of the second neighbors onto the first shell, after the latter fell on the central particle. Statistical physics predicts in this context an entropy discontinuity that can be finite or infinite (the entropy may diverge to +∞) [38, 39, 40] . The observed similarities are not surprising a posteriori: aggregation is a phenomenon common to a wide variety of systems, governed by different types of interactions. In the present case, whereas self-assembling systems interact exclusively through attractive forces (possibly including a short-range cutoff), the 2Y particles interact through competing forces, where the short-range attraction constitutes the dominant contribution.
We have shown that a neat entropic imprint characterizes the formation of the elementary nanocluster in a generic model for effective interactions in complex fluids, such as globular protein solutions or colloidal suspensions. Our theoretical predictions involve common thermodynamic functions, like entropy or chemical potential, and are based on an unspecialized description of microscopic interactions, but for the presence of competing short-range attraction and long-range repulsion. Nevertheless, we have pointed out that an accurate theoretical approach is essential to reveal a thermodynamic signature of the aggregation process, well underway at the microscopic level. On the basis of the broad comprehensiveness of our approach, we argue that the observed entropy behavior should characterize the aggregation process in disparate systems. The above emphasized close similarities between our study and statistical mechanics predictions about zero order phase transitions in gravitational collapse, further corroborate this conclusion.
